During Arabidopsis embryogenesis, the zygote divides asymmetrically in the future apical-basal axis; however, a radial axis is initiated only within the eight-celled embryo. Mutations in the GNOM, KNOLLE, and KEULE genes affect these processes: gnom zygotes tend to divide symmetrically; knolle embryos lack oriented cell divisions that initiate protoderm formation; and in keule embryos, an outer cell layer is present that consists of abnormally enlarged cells from early development. Pattern formation along the two axes is reflected by the position-specific expression of the Arabidopsis lipid transfer protein (AtLTPT) gene. In wild-type embryos, the AtLTPl gene is expressed in the protoderm and initially in all protodermal cells; later, AtLTPí expression is confined to the cotyledons and the upper end of the hypocotyl. Analysis of AtLTPT expression in gnom, knolle, and keule embryos showed that gnom embryos also can have no or reversed apical-basal polarity, whereas radial polarity is unaffected. knolle embryos initially lack but eventually form a radial pattern, and keule embryos are affected in protoderm cell morphology rather than in the establishment of the radial pattern.
INTRODUCTION
In flowering plants, the primary body plan of the seedling is laid down during embryogenesis (Steeves and Sussex, 1989) . This body plan has been described as the superimposition of an apical-basal and a radial pattern . The apical-basal pattern visible in the seedling consists of distinct elements: two cotyledons, shoot meristem, hypocotyl, and root, including the root meristem. In Arabidopsis, the apical-basal polarity is already evident in the zygote, which elongates approximately threefold in the apical direction. An asymmetric division then generates a small apical cell from which all pattern elements are derived, except for part of the root, that is, the columella root cap and the quiescent center (Scheres et al., 1994) , and the suspensor, which are derived from the larger basal cell. Mutations resulting in a deletion of regions of the apical-basal pattern include gurke, fackel, monopteros, and gnom (Mayer et al., , 1993 Berleth and Jürgens, 1993) and rootless, shoot meristemless, and topless (Barton and Poethig, 1993) .
In gnom embryos (Mayer et al., , 1993 Busch et al., 1996) , also called emb30 embryos (Shevell et al., 1994; Franzmann et al., 1995) , the zygote tends to divide symmetrically, producing an enlarged apical cell at the expense of the basal cell. gnom embryos have no root meristem and reduced orno cotyledons, and most gnom seedlings are cone shaped, 'To whom correspondence should be addressed.
retaining apical-basal polarity, although the pattern is severely compromised. Some gnom seedlings, however, are ball shaped, displaying no morphologically apparent apical-basal polarity (Mayer et al., 1993) . The radial pattern is arranged in three concentric layers of tissues: the outer protoderm, the inner mass of ground tissue, and the centrally located vascular bundles. This pattern is initiated within the first eight cells formed from the small apical cell (Jürgens et al., 1991; Meinke, 1991) . Each of these eight cells divides tangentially to give an outer epidermis precursor, or protodermal cell, and an inner cell. Repeated divisions of the inner cells generate the ground and vascular tissues. The protodermal cell layer expands by anticlinal cell divisions only and is thus maintained as a distinct cell layer.
Mutations in two genes, KNOLLE and KEULE, affect the radial pattern but also cause other major morphological defects; knolle and keule embryos and seedlings are strongly compressed in the apical-basal direction . In knolle embryos, the initial cell divisions are abnormal, so no inner cells can be clearly distinguished from an outer layer. At later stages, however, vascular tissue forms in the center of knolle embryos. knolle embryos and seedlings are round or tuber shaped. In keule embryos, a distinct outer cell layer is present, but it consists of abnormally enlarged cells, whereas the cells of both the ground tissue and the vasculature look normal. Thus, in this mutant, the shape rather than the initial formation of the protoderm cells seems to be affected .
The embryo protoderm is the precursor of the plant epidermis. During postembryonic development, the epidermis of aerial plant organs performs a number of functions essentia1 for the stability of turgescent tissue. The most important function isto control water loss. In addition, the epidermis provides mechanical and chemical defenses against pathogens (Clark et al., 1992) . In the plant embryo, the protoderm may play a role in restriction of turgor-driven water uptake through the formation of a cuticular layer and also may act to protect the embryo from hydrolytic endosperm-degrading enzymes (Sterk et al., 1991) . Additional evidence for the importance of the protoderm for embryo development was found in somatic embryos of the temperature-sensitive carrot mutant line tsll. At the nonpermissive temperature, t s l l embryos arrest at the globular stage and have an aberrant, irregular protoderm with enlarged, vacuolated cells. At the permissive temperature or after rescue with a 32-kD endochitinase, t s l l embryos have a correctly formed protoderm (De Jong et al., 1992 . The protoderm of Cifrusjambhiriembryos, once formed, could not be replaced by respecification of ground tissue after experimental removal (Bruck and Walker, 1985b) , emphasizing the importance of protodermal differentiation for embryo development. Sterk et al. (1991) identified the carrot EP2 gene as a marker for the embryo protoderm in carrot. The EP2 gene encodes a 10-kD lipid transfer protein (LTP) secreted into the medium of embryogenic carrot cell cultures. The EP2 gene is expressed in protoderm cells of somatic and zygotic carrot embryos, starting at the early globular stage. The LTP is proposed to be involved in cuticle formation on the outer surface of protodermal cells (Sterk et al., 1991) . In arrested t s l l embryos, which have a morphologically aberrant protoderm, the EP2 gene was found to exhibit either a uniform (De Jong et al., 1993) or a diffuse subepidermal pattern of expression (Sterk et al., 1991) .
In this study, we show that in Arabidopsis, pattern formation along the apical-basal and radial axes is reflected in the position-specific expression of the AfLTP7 lipid transfer protein gene (Thoma et al., 1994) , which is the Arabidopsis homolog of the carrot EP2 gene (Sterk et al., 1991) . The AtLTP7 gene is expressed in the protoderm soon after this cell layer is evident in the early globular embryo stage. AfLTP7 expression was initially observed along the entire apical-basal embryo axis, but later became confined to the apical pole, including the cotyledons and the upper end of the hypocotyl. !n a recent study, Yadegari et al. (1994) used AfLTP7 expression to show that raspberry embryos, although they are morphologically arrested at the globular stage and have a grossly abnormal outer cell layer, initiate a protoderm-specific gene expression program in the outer cell layer of both the embryo proper and the suspensor. This indicates that in these mutant embryos, cell differentiation is uncoupled from morphogenesis. We have compared AtLTP7 expression of wild-type embryos with that of gnom, knolle, and keule mutants. Our results suggest that embryo apical-basal polarity is still fully reversible in the zygote and that radial polarity is established in a centripetal fashion and employs more than one independent mechanism. Moreover, we emphasize the importance of using well-characterized tissue-specific markers in mutant embryo analysis.
RESULTS

Expression of an AtLTPí Promoter-P-Glucuronidase Gene Fusion in Wild-Type and gnom Embryos
Embryos from transgenic plants homozygous for a fusion of a 1149-bp region of the AfLTP7 promoter and a promoterless P-glucuronidase (GUS) gene (Thoma et al., 1994) were analyzed histochemically for the presence of GUS activity. The results are presented in Figure 1 . GVS expression was detected from the early globular stage, through the heart and torpedo stages, to the maturation stage (Figures 1A to 1C ; data not shown). At the globular stage, GUS expression was uniform along the entire apical-basal axis of the embryo proper, including in the cells derived from the hypophyseal cell ( Figure  1A ). This staining pattern persisted in the heart-stage embryo (Figure lB) , whereas during the transition from the heart stage to the torpedo stage, GUS expression became confined to the apical pole of the embryo, including the cotyledons and the upper end of the hypocotyl ( Figure 1C) .
In maturation-stage embryos, GUS expression was most prominent in the cotyledons, especially in their tips, and less intense in the embryo hypocotyl (data not shown). No GUS staining was observed in the embryonic root of torpedo-and maturation-stage embryos. GUS staining was variable in the suspensor of globular-and heart-stage embryos (Figures lA, lB, and lD), whereas after the heart stage, suspensor staining was never observed. The AfLTP7 expression pattern in the mature embryo corresponds to the expression pattern observed in seedlings just after germination, at which time AtLTP7 expression is highest in the tips of the cotyledons (Thoma et al., 1994) . In addition to embryo-specific GUS staining, intense GUS staining was evident in the developing seed coat ( Figures  1D and 1H ; data not shown). No GUS staining was observed in plants not containing theAtLTP7 promoter-GUSfusion (data not shown).
We have used the gradual restriction of AtLTP7-GUS expression toward the apical end of the embryo to monitor changes in pattern formation caused by mutations in the GNOM gene (Mayer et al., 1993) . To localize AfLTP7 promoter activity in gnom embryos, plants homozygous for the AtLTP7-GUS fusion were crossed to plants heterozygous for the gnom mutation. Histochemical GUS staining was performed with siliques of F, plants in which one-fourth of the embryos were mutant. Figures 1D to 11 show GUS-stained gnom embryos. Mutants clearly have a smooth surface due to the presence of a morphologically normal protoderm (Mayer et al., 1993) . In cone-shaped gnom embryos, the time course and a restric- tion of GUS expression to the apical end of the embryo were observed to be similar to those of wild-type embryos.
Temporal expression can be determined by comparing mutant and wild-type embryos in the same silique. In Figure 1E , which shows a cone-shaped gnom embryo of the same developmental age as a wild-type torpedo-stage embryo, GUS staining is evident in the hypocotyl and in the fused cotyledons but is already reduced in the root. In cone-shaped gnom embryos from siliques that contain maturation-stage wild-type embryos, GUS staining is intense in the tips of the cotyledons,
Sti'^Pi **£ so*^v which are strongly reduced, sometimes fused, and aberrantly shaped ( Figure 1F ).
Among later stages of the ball-shaped gnom embryos, which represent the morphologically apparent loss of apical-basal polarity most dramatically, there are three distinct patterns of GUSexpression. As in wild-type and cone-shaped gnom embryos, expression can be confined to the apical end of the embryo (Figure lG) , but it also can be completely reversed and restricted to the basal region of the embryo ( Figure 1H ; see also Figure 2L ).
Finally, GUS expression can remain distributed uniformly (Figure 11 ; see also Figure 2K ). Of 51 ball-shaped gnom embryos, 18 displayed normal polarity, that is, apical staining; 21 displayed reversed polarity, that is, basal staining; and 12 were apolar, that is, they displayed uniform staining. Orientation in the 51 ball-shaped embryos was determined by the presence of suspensor or part of the suspensor. Except for GUS staining, no other clear morphological change was found among the 51 ball-shaped embryos. GUS staining patterns in F2 embryos derived from crosses of plants homozygous for the AtLTP7-GUS construct, and wild-type Landsberg erecta plants were equal to the GUS staining patterns in embryos from transgenic AtLTP7-GUS plants. These observations indicate that apical-basal polarity of the embryo is apparently still completely reversible in the zygote, because GNOM is a zygotic gene (Mayer et al., 1993) .
Cell-Specific Accumulation of AtLTPl mRNA in Wild-Type, knolle, keule, and gnom Embryos
The spatial expression pattern of the AtLTP7 gene was examined in more detail by in situ hybridization in sections of wild-type, knolle, keule, and gnom embryos at different stages. As shown in Figures 2A to 2C , AtLTP7 transcripts accumulate exclusively in the protoderm of wild-type embryos from the globular stage (Figure 2A ), the bent cotyledon stage ( Figure  2B ), and the maturation stage ( Figure 2C ). In the mature embryo ( Figure 2C ), AtLTP7 expression is higher in the protoderm of the cotyledons than in the protoderm of the hypocotyl and is absent in the protoderm of the embryonic root. AtLTP7 expression in wild-type embryos, as determined by in situ mRNA hybridization, is identical to the pattern of AtLTP7 promoter activity, as determined by AtLTP7 promoter-GUS expression studies.
In contrast to the protoderm-specific accumulation of AtLTP7 transcripts in wild-type embryos, early knolle embryos show uniform AtLTP7 mRNA accumulation in all cells (Figures 2D  and 2G) . At a developmental stage corresponding in time to the wild-type bent cotyledon stage, theAtLTP7 mRNA leve1 begins to be reduced in some cells in the center of knolle embryos ( Figures 2E and 2H) . At this moment, some vascular tissue appears in the center of the embryo . At the maturation stage, no AtLTP7 mRNA was detected in most cells in the center of knolle embryos ( Figures 2F and 21 ). In the knolle embryos analyzed, AtLTP7 mRNA was never confined completely to the outer cell layer at any stage of development.
To determine the specificity of the knolle defect, we also investigated AtLTP7 expression in keule embryos. In these embryos, an outer cell layer is present, but it consists of abnormally enlarged cells from early development. The ground and vascular tissues in keule embryos are morphologically normal. Figure 2J shows that in keule embryos at a developmental stage comparable to the wild-type heart stage, AfLTP7 mRNA is located specifically in the outer cell layer of the embryo proper. This indicates that keule embryos, although abnormal in protoderm cell morphology, have a spatially normal AtLTP7 expression pattern. It also suggests that AtLTP7 expression is not dependent on protodermal cell morphology.
Figures 2K and 2L show sections of ball-shaped gnom embryos at a developmental stage comparable to the wild-type bent cotyledon stage. AtLTP7 mRNA is confined to the protoderm in both cone-shaped (data not shown) and ball-shaped ( Figures 2K and 2L ) gnom embryos. This indicates that the radial pattern, as exemplified by the protoderm-specific AtLTP7 expression pattern, is unaffected in gnom embryos. Figure 2L shows a ball-shaped gnom embryo with basal protoderm- specific AtLTP7 mRNA accumulation. Together with the uniform protoderm-specific mRNA accumulation ( Figure 2K ) and the apical protoderm-specific expression (data not shown), this confirms the observations made with theAtLTf7-GUSfusions (Figures 1G to 11) . In addition to the protoderm-specific signal, a signal is evident in the developing seed coat, also seen in transgenic plants carrying the AtLTP7 promoter-GUS fusion (see also Figures 1D and 1H) . No signal above background was observed after hybridizing wild-type, knolle, keule, and gnom embryo sections with AtLTP7 sense probes (data not shown).
DISCUSSION
AtLTPl Expression Pattern in Wild-Type
Arabidopsis Embryos
In this study, we examined the expression pattern of theAtLTP7 gene during early Arabidopsis embryogenesis by in situ hybridization and by histochemical determination of AtLTP7 promoter activity. Both gave essentially the same result, which was in contrast with a similar study of postembryonic development (Thoma et al., 1994) . By using digoxigenin-uridine 5'4riphosphate (UTP)-labeled AtLTf 7 probes for in situ hybridization and histochemical determination of AtlTP7 prornoter activity, we were able to detectAtLTP7 gene expression in protodermal cells of embryos as early as the globular stage. By using in situ hybridization with 35S-UTP-labeled AtLTP7 probes, we could not detect AtLTf7 transcripts earlier than the torpedo stage. By using the same method, Yadegari et al. (1994) did not detect AtLTf7 transcripts before the bent cotyledon stage. Thus, in our hands, the detection of AtLTP7 mRNA with digoxigenin-UTP-labeled probes is more sensitive than with radiolabeled probes.
The AtLTf 7 expression pattern in Arabidopsis is temporally and spatially identical to that of the EP2 gene in zygotic and somatic carrot embryos, although in carrot, this expression could be detected with %-labeled probes (Sterk et al., 1991) .
AtLTP7 expression in the protoderm of globular Arabidopsis embryos is consistent with the proposed role of the AtLTP1 protein in the assembly or deposition of cell wall or cuticular structural material (Sterk et al., 1991; Thoma et al., 1994) , because globular-stage Arabidopsis (Rodkiewicz et al., 1994) , maize (Van Lammeren, 1986) , Capsella (Schulz and Jensen, 1968 ; Rodkiewicz et al., 1994) , and Stellaria (Rodkiewicz et al., 1994) embryos are ali reported to be covered with a cuticular layer. Although histochemical determination of AtLTP7 promoter activity and in situ hybridization results matched perfectly in developing embryos, a discrepancy was seen in the developing seed coat. In situ hybridization showed the presente of AtLTf 7 transcripts, in the seed coat of developing seeds containing embryos only up to the torpedo stage, whereas GUS staining was observed in seed coats of developing seeds containing embryos up to the maturation stage. Similar discrepancies were noted in a study of AtLTf7 expression in postembryonic development (Thoma et al., 1994) . They could be due to a difference in stability between AtLTf7 transcripts and the GUS protein, the result of additional, negative control elements not included in theAtLTP7 promoter region used, or the result of promoter-independent GUS expression (Uknes et al., 1993) .
From the combined results of AtLTf7-GUS expression and in situ hybridization in wild-type Arabidopsis embryos, we conclude that pattern formation in the Arabidopsis embryo is reflected by the position-specific expression of the AtLTP7 gene: the AtLTP7 gene is a marker for the protoderm from the globular stage to the maturation stage, and its expression is restricted to the apical end of the embryo after the heart stage. Thus, the temporal and spatial aspects of AtLTP7 expression can be used to study cell identity and polarity in mutant embryos.
AtLTPl Expression Pattern in gnom, knolle, and keule
Embryos: lmplications for Pattern Formation in the Arabidopsis Embryo
In embryos of all three mutants examined here, the temporal regulation of AtLTP7 expression is similar to that observed in wild-type embryos. This agrees with observations of Yadegari et al. (1994) for the embryo mutant raspberry The spatial pattern of AtLTP7 expression is changed, however, when compared with the wild-type pattern in gnom and knolle (but not in keule) embryos. In gnom embryos, the apical-basal expression pattern is changed, whereas the radial expression pattern is as usual. Cloning of the GNOM gene (Shevell et al., 1994 ; Busch et al., 1996) has revealed that it encodes a protein that has similarity with the yeast SEC7 protein, which is involved in protein transport in the yeast secretory pathway. The significance of this sequence similarity for the role of the GNOM gene in apical-basal pattern formation has remained unclear. In contrast, in knolle embryos, apical-basal AtLTP7 expression is similar to that in wild-type embryos (Figure 2 and data not shown), but the radial distribution of AtLTP7 mRNA is strikingly different. Interestingly, the AtLTP7 expression patfern observed in knolle embryos shows remarkable similarities to the carrot fP2 expression pattern of arrested embryos of the temperature-sensitive carrot mutant line tsll.
In arrested globular embryos of tsll, which, like knolle embryos, do not form a morphologically normal protoderm, EP2 expression was found to be uniform or diffuse in subepidermal cells. In addition, the EP2 gene was found to be expressed uniformly in proembryogenic masses of embryogenic carrot cell cultures (Sterk et al., 1991; De Jong et al., 1993) . Recently, positional cloning of the KNOLLEgene (Lukowitz et al., 1996) revealed that the predicted KNOLLE protein is similar to syntaxins, a family of proteins involved in vesicular trafficking. More detailed analysis of knolle embryos revealed many incomplete cell walls. The cell wall defects are variable and range from merely fragments of cross-walls to walls with small holes. These observations suggest that knolle embryos have groups of interconnected cells as a result of incomplete cytokinesis. Based on the finding that fluorescent dye taken up by hypocotyl cells of Arabidopsis seedlings readily spreads within the epidermis but not into the underlying ground tissue (Duckett et al., 1994) , one could envision that the failure of knolle embryos to establish a complete radial pattern is the result of a continued connection between protodermal and internal cells. Such an interconnection of cells in the radial direction could prevent the initial cells in the knolle embryo from acquiring a nonepidermal cell fate. In this scenario, the presence of AtLTP7 mRNA in cells other than the outer cells, whether the result of a direct centripetal transport of AtLTP7 mRNA or of expression of theAtLTP7 gene in internal nuclei, illustrates the failure to specify internal cells with a fate different from that of the outer cells. Because the radial pattern defeci of knolle embryos might be a consequence of a primary defect in cytokinesis, this implies that the KNOLLE gene does not convey specific information for radial patterning. In all scenarios, the exclusion of AtLTP7 mRNA from the center of knolle embryos at later stages of development and the correct formation of provascular tissue (Mayer et ai., 1991) suggest that additional mechanisms not dependent on KNOLLE gene action are involved in radial patterning. In keule embryos, AtLTP7 mRNA is confined to the grossly abnormal outer cell layer, as has also been seen in mutant raspberry embryos (Yadegari et al., 1994) , indicating that AfLTP7 gene expression is not dependent on protodermal cell morphology.
In gnom embryos, the protoderm-specific accumulation of AtLTP7 mRNA is unchanged, whereas the apical-basal AtLTP7 expression pattern deviates from the usual. This finding supports the notion that the two body axes form independent of each other. AtLTP7-GUS expression is invariably confined to the apical end of wild-type advanced-stage embryos but variably distributed in gnom embryos of the same age, which may reflect an inherent variability of apical-basal polarity caused by the lack of GNOM activity in the zygote. Unfortunately, other molecular markers that would reveal polarity at an earlier stage of embryogenesis are not currently available. Nevertheless, the evidence presented here strongly suggests that the apical-basal polarity of the embryo is not fixed before fertilization, although the Arabidopsis egg cell is morphologically polar:
In other flowering plants, the egg cell appears apolar or polarity is reversed upon fertilization (Johri, 1984) . Thus, apical-basal polarity of flowering plant embryos appears to be established within the zygote and fixed by its first division. Radial polarity presents a different case. Uniform AtLTP7 expression observed in all cells of early knolle embryos suggests that in knolle, the inner cells retain protodermal character. knolle embryos therefore may not be defective in the specification of protodermal cells but instead fail to mark off the inner cells against the outer cell layer. This observation supports the notion that the epidermis may be a "ground state" (Bruck and Walker, 1985a) in plant embryogenesis that is associated with the presence of an outer cell wall partially inherited from the zygote.
It has been suggested that, based on the presence of a cuticle around C. jambhiri zygotes, the zygote develops an epidermal character perpetuated in all externa1 cell derivatives of the zygote (Bruck and Walker, 1985a) . Interna1 derivatives, finally giving rise to ground tissue and vascular bundles, would then diverge along a developmental route separate from their epidermal starting point. In this scenario, the walls of the inner cells may lack a wall-associated component of the zygote, and this would be instrumental in determining radial polarity. Analogies for such a scenario exist in the Drosophila embryo, where the apical but not the basolateral cell membrane of blastoderm cells directly derives from the oocyte plasma membrane (Campos-Ortega and Hartenstein, 1985) , and in the fate-determining ability of Fucus cell walls (Berger et al., 1994) .
The observation that knolle mutant embryos eventually show a reduction of theAtLTP7 mRNA leve1 internally and also form vascular tissue suggests that vascular differentiation, viewed as differentiation of the most internal radial pattern element, involves an additional mechanism that is not dependent on the initial ordered cell divisions in the early Arabidopsis embryo. This agrees with the observations that embryos of many plant species, such as cotton, grape, and Dafura (Johri, 1984) , as well as Arabidopsis mutant fass embryos (Torres Ruiz and Jürgens, 1994), do not show an ordered pattern of early cell division yet develop complete body plans with all pattern elements present.
METHODS
Plant Strains and Plant Growth Conditions
The wild-type strain used was of the Landsberg erecta ecotype and was kindly provided by M. Koornneef (Department of Genetics, Wageningen Agricultura1 University). The mutants knolle, keule, and gnom are described by Mayer et al. (1991) . Transgenic seed of the Rschew ecotype, carrying an Arabidopsis thaliana lipid transfer protein (AtLTP7) promoter-b-glucuronidase (GUS) fusion, was kindly provided by C. Somerville (Carnegie Institution, Stanford, CA) (for description, see Thoma et al., 1994) .
Seeds were sown on wet filter paper (595 Rundfilter; Schleicher & Schuell, Inc., Keene, NH) in Petri dishes. The Petri dishes were stored at 4°C in the dark for at least 24 hr to break dormancy and then transferred to a room at 25OC with a 16-hr photoperiod (7 W/m2). Seedlings were transferred to sterilized potting soil and grown in an air-conditioned greenhouse (at 18 to 23OC), with additional light during the winter (16-hr photoperiod; HPlT lights, 400 W; Philips, Eindhoven, The Netherlands).
Seeds from transgenic AtLTP7-GUS plants were surface-sterilized for 2 min in 70% ethanol, followed by three rinses of sterile distilled water. Seeds were placed on Murashige and Skoog medium (Murashige and Skoog, 1963) containing 1% sucrose and 50 mg/L kanamycin and germinated as described above. Kanamycin-resistant seedlings were transferred to sterilized potting soil and grown in a 25OC growth chamber at 80% humidity, with light cycles as described above.
Genetic Crosses REFERENCES
Plants heterozygous for knolle, keule, and gnom were used as female parents; plants homozygous for the AtLTP7-GUS construct were used as males. Three flower buds of the plants to be used as female parent were emasculated by removing the anthers with forceps. These flowers were pollinated by touching the stigma with anthers from the male parent.
Histochemical Localization of GUS Activity
Siliques were opened longitudinally and fixed in 0.3% paraformaldehyde in 100 mM NaPi, pH 7.2, for 1 hr under vacuum. After washing in 100 mM NaPi, pH 7.2, they were immersed in the enzymatic reaction mixture containing 1 mg/mL X-gluc (5-bromo-4-chloro-3-indolyl !3-D-glucuronic acid), 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide as catalysts in 100 mM NaPi, pH 7.2. The reaction was conducted overnight at 37% in the dark (Jefferson et al., 1987) . After the reaction, ovules were mounted in 8:1:2 chloral hydrateglycerol-water on a microscope slide with a cover slip and left for a period of 1 to 16 hr, depending on the stage. Embryos were removed from the ovules by applying pressure on the cover slip. Staining patterns were analyzed with an Optiphot-2 (Nikon Corp., Tokyo, Japan), using bright-field optics.
In Situ mRNA Hybridization
In situ hybridization was performed essentially as described by Cox and Goldberg (1988) . To facilitate handling, siliques or ovules were embedded in agarose before fixation and embedding in paraffin (Sterk et al., 1991) . RNA probes labeled with either 35S-UTP or digoxigenin-uridine 5'-triphosphate (UTP) were transcribed from the plasmid pJ5-3, which contains a cDNA of the ArabidopsisAtLTP7 gene (kindly provided by C. Somerville; Thoma et al., 1994) , or from the plasmid pAtEP2, which contains a 201-bp genomic insert from an Arabidopsis LTP gene, using either the T7 (sense controls) or the T3 (antisense) promoter. Hybridization was performed for 16 hr at 42%. For detection of 35S-UTP-labeled probes, slides were coated with LM-1 nuclear emulsion (Amersham), exposed for 3 weeks at 4OC, and developed (D19 developer; Kodak). Sections were stained with toluidine blue and photographed with an Optiphot-2 (Nikon), using brightand dark-field optics. The more sensitive detection of digoxygenin-UTP-labeled probes was performed using a digoxigenin nucleic acid detection kit (Boehringer Mannheim), essentially according to the manufacturer's recommendations.
